Abstract
Introduction
The predictability of seasonal climate is a significant challenge to the modeling community due to the intricate interactions among the atmospheric, oceanic and land surface processes. This is especially true in Eastern Africa, a region with markedly complex terrain that experiences considerable inter-annual variability and extremities in rainfall and temperature. Climate variability oftentimes impacts negatively on the socio-economic wellbeing of the countries involved. Validation of dynamical forecast products is paramount in achieving acceptable forecasts and improving forecast accuracy. It is expected that a spectral approach would better resolve systems beyond the traditional coarse regular gridding.
Kenya has four main seasons, with most rainfall concentrated in the March-May (MAM) "long rains" season and the October-December (OND) "short rains" season; some parts of the country experience a third rainy season during the June-August (JJA) "cool dry" period that oftentimes extends to September, with January-February being basically hot and dry (e.g., Mutai et al., 1988 , Mutai and Ward 2000 , Ogallo 1989 , Mutemi 2003 . The observed distribution of temperature and rainfall in the long rains, short rains and cool-dry seasons over Kenya impacts upon the socio-economics of the country, which makes their predictability of overriding importance.
Weather/climate controls over Kenya are vary in space and time, which makes the prediction process particularly delicate. Whereas the rainfall distribution is principally governed by the seasonal migration of the inter-tropical convergence zone (ITCZ), the observed climate over the region is also controlled by continental and oceanic thermal energy storage reservoirs, the ensuing large-scale pressure distributions, the consequent wind regimes, migratory and quasi-permanent systems, stratospheric oscillations, and mesoscale influences (e.g., Mutemi 2003 , Camberlin et al., 2009 , Indeje et al., 2001 . The interaction between synoptic scale winds and mesoscale systems in the form of lakeand topographically-induced local circulations are an important player in determining the nature, intensity and duration of the observed precipitation and precipitating systems (Asnani and Kinuthia 1979; Mukabana 1992 , Kaspar and Cubasch 2008 , Anyah 2005 .
In as much as global models consider forcing generated by thermal properties of oceans, often it is necessary to downscale this information to find applicability for agricultural, healthcare, energy production, social utility, and economic planning purposes. While seasonal predictability of rainfall using statistical downscaling has shown promising success over East Africa (e.g., Camberlin and Philippon 2002), dynamical downscaling still poses a challenge. Otieno et al., (2014) reported value addition through blending dynamical ensemble rainfall forecasts with statistical forecasts in the October-December (OND) seasonal rainfall prediction over the Greater Horn of Africa (GHA) region using products from the WMO Global Producing Centres (GPCs). Bosire et al., (2014) reported higher skill of the Climate Forecast System (CFS) model in predicting the OND than the March-May (MAM) rainfall over East Africa. Opijah et al., (2014) reported exaggeration of dekadal (ten-day) rainfall amounts by the Environmental Modelling System's Weather Research and Forecasting (EMS-WRF) model over areas forced by mesoscale systems, displacement of locations of the highest rainfall intensity, and its underestimation arising from unexpected storms. Kipkogei et al., (2016) demonstrated improved overall skill in the use of the WMO THORPEX Integrated Grand Global Ensemble (TIGGE) suite of models in forecasting 10-day precipitation over East Africa through the use of multimodel super-ensembles that reduced the errors, while enhancing spatial correlations and equitable skill scores. This paper assesses the performance of the Regional Spectral Model (RSM) in dynamically downscaling the ECMWFHamburg (ECHam) global model outputs over Kenya, with respect to rainfall and temperature prediction.
Methodology
Standard verification techniques incorporating correlation, error analysis and skill scores were applied on the RSM outputs and observed temperature and rainfall datasets at 18 stations within Kenya between 1970 and 1999.
Model accuracy was computed using the Pearson's correlation coefficient between observed (O) and forecast (F) fields (1). The root mean-square error (RMSE) (2) systematically represents the error that is similar at all points in the data. Accurate models have low systematic RMSE. The advantage of this measure of skill is that it retains the unit of the forecast variable, but its disadvantage is that it favours model forecasts that underestimate variability (Brier and Allan 1951) .
Model skill was assessed using the twooption skill scores based on the tabular form of the contingency measures (Table  1) . The skill scores are discussed in detail in Atger (2001 ), Brier (1950 , Chessa and Lalaurette (2001) , Katz and Murphy (1997) , Mason (1982) , Murphy et al., (2004) , Murphy and Winkler (1987) , Wilks (2006) .
The Hit Rate (HR), which is a ratio of the number of hits to the number of events, was computed using (3). The Proportion Correct (PC), which is the ratio of the number of correct forecasts to the number of forecasts, was computed from (4). The Frequency Bias Index (FBI), which measures the event frequency with no regard for the forecast accuracy, was obtained from (5). FBI is 100% for a perfect forecast, and it is larger (smaller) than 100% if the system is over-forecasting (under-forecasting). 
The Equitable Threat Score (ETS) was obtained from (6). The True Skill Statistic (TSS), also called the Hansen-Kuipers discriminant, was computed using (7). The Heidke skill score (HSS) was computed using (8). The probability of two-Alternative Forced Choice (P2AFC) test (Mason 1982) was computed using (9). 
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Scores of 100% indicate a perfect set of answers, while a score of 0% indicates a perfectly bad set of answers. A score of 50% signifies guessing the answer every time, while that above 50% suggests some measure of skill in the forecasted values.
Regional Spectral Model Description
The Regional Spectral Model (RSM) was run over one-month lead-time using persisted sea surface temperature (SST) with the boundary conditions forced by the ECMWFUniversity of Hamburg (ECHAM) atmospheric general circulation model (DKRZ 1992) . ECHAM used pressure-based terrain vertical coordinates with 19 vertical layers, and a spectral transform horizontal representation configured at triangular 42 spectral truncation (T42), equivalent to a spatial resolution of about 2.8° longitude-latitude grids. The convective parameterization applied a mass-flux scheme for deep, shallow, and mid-level convection (Tiedtke 1989) and the Eickerling (1989) radiation scheme. The ECHAM model employs prognostic clouds and prognostic cloud water, while the land surface parameterisation includes a catchmentbased soil-moisture runoff treatment, vegetative effects, and snow cover.
The basic equations for the RSM constitute the primitive equations for momentum, mass, specific humidity, and virtual temperature in advection forms. A vertical σ-p hybrid coordinate is applied with higher resolution in the lower atmosphere for better simulation of the planetary boundary layer (PBL) processes. Timedependent lateral boundary conditions and semi-implicit time integration schemes are computed spectrally as described in Tatsumi (1986).
Surface fluxes were computed using the bulk aerodynamic approach. Ground temperature was computed using a fourlayer model. Vertical diffusion above the surface layer follows Mellor and Yamada (1974) . The land surface is parameterized using surface roughness parameter, albedo, climatological ground temperature, and evapotranspiration efficiency. Parameterization of precipitation employs an Arakawa-Schubert (1974) cumulus convection scheme in the PBL, a moist convective adjustment scheme (Benwell and Bushby, 1970; Gadd and Keers 1970) in the unstable mid-levels, and a large-scale condensation approach in the rest of the atmosphere. Suppression of high-frequency gravity wave noise is achieved by a nonlinear normal mode initialization scheme (Takano et al. 1988) .
Performance of the Regional Spectral Model in Seasonal Temperature and Rainfall Prediction
The performance of the Regional Spectral Model (RSM) in simulating the seasonal rainfall and temperature over Kenya was assessed for the March-May, OctoberDecember, and June-August seasons.
a.
March-May Season
The March-April-May (MAM) period is the main rainfall season over Kenya. Table  2a and 2b show the correlation coefficients, errors and skill scores for RSM outputted temperature and rainfall, respectively, for the MAM rainfall season. Figure 1 shows the spatial variation of the hit-rate RSM scores over Kenya for temperature and rainfall during the MAM season. Figure 2 shows the spatial variation of the probability of two-alternative forced test RSM scores over Kenya for temperature and rainfall during the MAM season. The model has relatively higher skill over the Lake Victoria basin region, stations located at higher elevation areas, and some coastal stations. The model has the capability to represent the interaction of large-scale systems with mesoscale forcing driven by land-water contrasts and the orographic drag. The model has lower skill for the low-lying semi-arid parts of the country.
Rainfall during the MAM period is largely a consequence of the moist easterly winds converging at the ITCZ, which traverses the country as it moves to the Northern Hemisphere. The interaction of these largescale winds with the mesoscale forcing yields substantial rainfall over these areas; the cloud patterns may be modulated by transient systems such as tropical cyclones and the Madden-Julian Oscillation (Asnani 1993) . The model simulates the migratory pattern of the ITCZ but fails to capture the rare time-varying systems over the area of study. The model fails to capture the diffluence and episodic climate controls on the eastern part of the country.
The observed temperature largely depends on the radiation budget and cloud cover, which moderates the observed temperature by lessening the incoming solar radiation and outgoing terrestrial radiation. The RSM simulates the influence of cloud cover on temperature reasonably well: Temperature simulation is better over areas with cloudiness and rainfall than over dry areas.
Figures 3 and 4 illustrate the inter-annual variation of the observed and RSMsimulated temperature and rainfall, respectively, over some selected stations in Kenya during the MAM rainfall season. The diagrams show fairly good correlation between the model and the observations for the stations shown. However, the degree of association (correlation coefficients) between the model outputs and observed rainfall and temperature values for most stations over the study area is still very low. 1 9 7 0 1 9 7 1 1 9 7 2 1 9 7 3 1 9 7 4 1 9 8 2 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 4.0 1 9 7 0 1 9 7 1 1 9 7 2 1 9 7 3 1 9 7 4 1 9 8 2 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 3 1 9 7 0 1 9 7 1 1 9 7 2 1 9 7 3 1 9 7 4 1 9 8 2 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 1970 1971 1972 1973 1974 1982 1990 1991 1992 1993 1994 1995 1996 1997 1998 
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b. October-December Season
The October-November-December (OND) period is the second rainfall season over the study domain, but the duration of rainfall is shorter and less intense than during the MAM season. Table 3a and 3b show the correlation coefficients, errors and skill scores for the RSM outputted temperature and rainfall, respectively, for the OND rainfall season. Figure 5 shows the spatial variation of the hit-rate RSM scores over Kenya for temperature and rainfall during the OND season. Evidently, the hit rate for temperature is better over the western and south coastal parts of the country, but the scores for rainfall are reasonably good for most of the country except for the western and southern regions. Figure 6 shows the spatial variation of the probability of the two-alternative forced choice (P2AFC) test RSM scores over Kenya for temperature and rainfall during the OND season. The model has relatively high skill for temperature over most parts of the country except for the northern coast; the skill for rainfall is good for most of the study domain excepting the Lake Victoria basin region and some portions in the south of the country.
Rainfall during the OND period, like for the MAM season, is governed by the infusion of moisture into the country by the trade winds converging at the ITCZ, which is then traversing the country southwards, except that the progression is faster due to the smaller land mass in the south. The interaction of easterlies with the mesoscale features also yields substantial rainfall over the areas where they occur. Cloud patterns are also modulated by transient systems in the form of easterly waves, Madden-Julian Oscillations and tropical cyclones, which are common in the Southern Hemisphere summer (Asnani 1993) . Again, the model simulates the migratory pattern of the ITCZ but again fails to capture the rare timevarying systems over the area of study.
Figures 7 and 8 illustrate the inter-annual variation of the observed and RSMsimulated temperature and rainfall, respectively, over some selected stations in Kenya during the OND rainfall season. Although the diagrams show reasonably good correlation between the model and the observations for the stations shown, the degree of association between the model outputs and observed rainfall and temperature values for most stations over the study area is still very low.
The degree of association between the observed and RSM rainfall is generally higher in OND than MAM but the correlation coefficients for temperature are lower in the OND than in the MAM seasons. This suggests that whereas RSM captures better the direction of inter-annual variability for rainfall during the OND season, the model gets the direction for MAM temperature better than it does for the OND season. 
June-August Season
The June-July-August (JJA) period is generally a cool and dry season over much of the study domain, except for parts of the western and coastal portions of the country that experience appreciable amounts of rainfall in this season. Although the rainfall during the JJA period is mainly located in the northern portions due to the northward displacement of the main rain-bearing belt, the influence of the moist Congo air mass from the west due to the vestigial portions of the meridional arm of the ITCZ over the central parts of the continent and moist south-easterly wind currents over the Indian ocean bring weather to the western and coastal portions of the country, respectively. Table 4a and 4b show the correlation coefficients, errors and skill scores for the RSM-outputted temperature and rainfall, respectively, for the JJA cool-dry season. Figure 9 shows the spatial variation of the hit-rate RSM scores over Kenya for temperature and rainfall during the JJA season. The results show that the hit rate for temperature is better over the western than the eastern halves of the country; the scores for rainfall are better over the western, northern and coastal portions of the country. Figure 10 shows the spatial variation of the RSM scores for the probability of the two-alternative forced choice (P2AFC) test over Kenya for temperature and rainfall during the JJA season. The model has relatively high skill for temperature over the southern parts of the country; the skill for rainfall is better for the western areas of the study domain, particularly over the Lake Victoria basin; but its lower over the rest of the country. The model generally has poor skill for JJA. 1 9 7 2 1 9 7 4 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6 1 9 9 8 1 9 7 0 1 9 7 2 1 9 7 4 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6 1 9 9 8
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Conclusions
This study used the spectral approach to downscale GCM outputs to resolve systems smaller than the coarse regular gridding. The RSM captures the general temporal pattern of the seasonal migration of the ITCZ and the interaction between mesoscale forcing with large scale circulation in the widespread local convection over the area of study, but the accuracy of simulating the seasonal/annual cycle and spatial distribution of convection and precipitation over the country is still poor. The accuracy of dynamically downscaled prediction products still poses a challenge over the area. The seasonal rainfall predictability over Kenya is dramatically better during the short rainy (October-December) season when the weather systems and oceanic controls are steadier and better organized than in the long rainy (March-May) season; however, temperature prediction is better in the March-May season. Whereas the predictability for rainfall during the cooldry June-August period is still low, the predictability for temperature using the RSM over the country has reasonably good skill for this season as compared to the March-May and October-December seasons. Overall, the RSM skill is still very low over the country; there is need to improve the representation of the development of convective processes that govern tropical precipitating systems in the region through sensitivity analysis of cloud simulation modules in the RSM applied. More importantly, there is need to address the influence of the rare systems that episodically influence the weather over the country and the region that are not captured by the regional model. 1970 1971 1972 1973 1974 1982 1994 1995 1996 1997 1998 1970 1971 1972 1973 1974 1982 1994 1995 1996 1997 1998 1999 
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